This study was carried out to grow an understanding of the microstructural development of friction stir welding on an AZ91D magnesium alloy and to evaluate the mechanical properties of the welds. AZ91D plates with the thickness of 4 mm were used, and the microstructural development of the weld zone was investigated using optical and scanning electron microscopes. Square butt welded joint with good quality was obtained under 187 mm/min of travel speed with the tool rotation speeds range of 115 to 131 radÁs À1 . The microstructure near the welds consisted of SZ (Stir Zone) which has fine equiaxed grains with no the original dendrite grain structure, TMAZ (Thermo-Mechanically Affected Zone), HAZ (Heat affected zone) and base metal. The microstructure of each zone showed very different features depending on the thermal and mechanical conditions. The hardness tests showed uniform distributed and slightly increased harness in the stir zone. Tensile strength of the stir zone was remarkably improved due to the fine recrystallized grain structure.
Introduction
Magnesium alloys represent unique structural materials combining high specific strength with the capability to absorb shock and vibration energy. 1) For instance, cast Mg alloy AZ91D containing 9 mass%Al and 1 mass%Zn has been most widely used in aircraft and engine building industries due to its high castability, low density, and good mechanical properties. However, the principal drawback of Mg alloy as a structural material is its high chemical activity leading in many cases to a low welding characteristics and corrosion resistance. This means that in the conventional fusion welding process there should be such a treatment procedure before or after welding of Mg alloys. Munitz et al., according to their paper about gas tungsten arc welded AZ91D magnesium alloy plate, reported that in spite of no defect in the weld zone, poor strength of the weld vicinity make it unsuitable for the use of as structural material. To overcome this problem, they proposed that one has to minimize the HAZ by enforcing high cooling rate during solidification. 2) Mg alloys are currently welded by arc techniques, such as gas tungsten arc welding (GTAW or TIG) and gas metal arc welding (GMAW or MIG). Whilst reasonable welding speeds can be achieved, problems can be experienced with high welding residual stresses and changes in metallurgical structure due to the melting and resolidification. High purity shielding gases are necessary to prevent a weld contamination. Mg alloys can also be laser or electron beam welded, but similar melt zone problems and porosity in the weld zone can occur.
3) These are the reasons why the conventional fusion welding methods were rarely used in the welding of Mg alloys. It is, thus, very desirable that new joining technologies should be developed and made accessible for industrial usage. Friction Stir Welding (FSW) seems to be such a reasonable welding process at this point.
FSW was developed and patented in the early 1990s and then has rapidly become an important industrial joining process. 4) This new technique has resulted in low distortion and high joint strength compared to other techniques. Moreover FSW is capable of joining all kinds of Al alloys. But very little is known about the weldability of Mg alloys 5, 6) since recent studies have nearly restricted to that of Al alloys. There have to be more knowledge about the weldability of Mg alloys.
The objectives of this work are to develop an understanding of the microstructural development of friction stir welds on an AZ91D Mg alloy, and to determine the optimum welding condition range without any defect in the welds and the mechanical properties of the welds.
Experimental Procedures
The material selected for this investigation was 4 mm thick as-cast AZ91D Mg alloy. The plates were cut to 140 mm long and 70 mm wide. The material was a commercial Mg alloy AZ91D with a nominal composition of 8.5 mass%Al, 0.75 mass%Zn, 0.3 mass%Mn, Cu and Ni below 0.001 mass%, and Mg as a balance. The complete chemical composition is exhibited in Table 1 .
The range of the travel speed for the welds was between 32 and 187 mm/min, whereas the tool rotation speed varied from 115 to 377 radÁs À1 . Microstructural investigation and analytical studies were carried out by optical and scanning electron microscopy.
Prior to examination, the mechanically polished surface was chemically etched with the standard agent (4.2 g of picric acid, 70 mL of ethanol, 10 mL of glacier acetic acid and 10 mL of diluted water).
Transverse and longitudinal tensile tests were carried out to determine the strength of the welds. The schematic illustration of welding process and the transverse and the longitudinal tensile test specimens used in this test was as shown in Fig. 1 . Specially, the longitudinal tensile specimen machined to 2 mm thickness to evaluate the strength of only the stir zone. The welding tool was rotated in the direction of clockwise and specimens, which were tightly fixed at the backing plate, were traveled. Figure 2 shows the top surfaces of the welded specimens with various welding conditions. AZ91D Mg alloy butt joints have good surfaces appearance after FSW for conditions of 115 to 131 radÁs À1 of the tool rotation speed and 41 to 187 mm/min of the welding speed. No exterior defect on the surface of all the joints is observed. However, the surface cracks are partially observed on the top surface for conditions 188 radÁs À1 , 32 mm/min and fully along the weld line for conditions 188 radÁs À1 , 41 mm/min. Figure 3 shows the cross-sectional macrostructures of near the welds with various welding conditions. The welds show wider the upper surface than the lower surface because the upper surface experienced an extreme deformation and frictional heat caused by contacting weld specimens with a cylindrical tool shoulder. The shape of the weld zone is mostly like wine cup. Sato et al. represented that the shape of the weld zone may depend on the welded materials and their thermal conductivity.
Results and Discussion

Effect of welding conditions on Friction stir weldabilities of AZ91D Mg alloy
7)
Very different microstructure is formed in the stir zone compared to that of base metal, which has an original dendrite structure. There are small defects, which were named as tunneling voids, in the retreating side of the stir zone for the tool rotation speed range 168, 188 radÁs À1 at the welding speed, 41 mm/min. This is mainly due to the brittleness of AZ91D and not caused by insufficient heat input. It is apparent that the stir zone exhibited a high degree of continuity and no porosity for conditions of 131 radÁs À1 regardless of the welding speed. Figure 4 shows the defect shapes in the stir zone with different tool rotation speeds at fixed welding speed, 41 mm/ min. Fine recrystallized grain structure is formed and no defect is observed in Fig. 4(a) . Small sized tunneling void, is existed in the stir zone of 188 radÁs À1 . However, very large defect named as lack of bonding is formed in the stir zone over the rotation speed of 262 radÁs À1 . Figure 5 gives the brief summary of welding conditions effect on the weldability of friction stir welded AZ91D Mg alloy joint using special marks. Both the surface crack and the lack of bonding in the stir zone are observed regardless of welding speed over 188 radÁs À1 of the tool rotation speed. At 168 radÁs À1 of the tool rotation speed, the surface crack is not detected by the optical observation and the tunneling void can be only observed in the stir zone. However, inner defect and surface crack are not observed for conditions of 115 and 131 radÁs À1 . From the defect examination of the stir zone, the optimum welding condition range, which includes no defect in the weld zone, of FSWelded AZ91D Mg alloy are the rotation speed range from 115 to 131 radÁs À1 regardless of the welding speed because there is no defect both surface and inner weld zone. However, the FSW conditions of cast AZ91D Mg alloy sheet without defect in the weld zone are limited to narrow tool rotation speed as shown in Fig. 5 . This is caused by its inherent poor formability of AZ91D Mg alloy with lots of an intermetallic compound, Al 12 Mg 17 , existed in the base metal. Figure 6 shows the SEM microstructures and the EDX (Energy Dispersive X-ray) analysis of phase of the base metal. The base metal is composed of a primary phase and Figure 7 shows the microstructure near the welds. The welds consist of 4 different regions which are unaffected base metal (a), heat affected zone (b), thermo-mechanically affected zone (c) and stir zone (d). HAZ, which was received more thermal effect, has smaller fraction of intermetallic compound than that of the base metal due to resolution of intermetallic compound. This result is well agreed to Mg-Al phase diagram. TMAZ, where both the thermal and the plastic deformation effect were received, is composed of intermetallic compound and partially observed recrystallized grain structure. intermetallic compounds are arranged along the direction of tool rotation. In the stir zone, the original cast structure of the base metal change to fine recrystallized grain structure and intermetallic compound disappears due to the resolution of phase into phase by diffusion at elevated temperature. The temperature of the stir zone can be roughly estimated by the microstructure of the stir zone and Al-Mg binary phase diagram (Fig. 8) . When AZ91D Mg alloy was heated at elevated temperature, intermetallic compound decreased with temperature and this phase may be completely dissolved over 370 C. As shown in Fig. 7(d) , the microstructure of the stir zone composed of only recrystallized Mg solid solution, which means the temperature of the stir zone is over 370 C. The heating temperature do not exceed the solidus temperature, 500 C, of the alloys because any cast microstructure was not observed. These results mean that the temperature of weld zone is estimated between 370 C and 500 C. This estimation of the temperature of the stir zone is similar with the experimental result of T, Kagasawa et al., who reported the temperature of the stir zone was heated up to 460 C in the case of FSWelded AZ31 Mg alloy. 9) Figures 9 and 10 show microstructures and the grain size variation of the stir zone with various welding speeds at fixed tool rotation speed 131 radÁs À1 . The microstructure of the stir zone becomes irregularly and the grain size of the stir zone remarkably decreases with increasing welding speed. The grain size of 41 mm/min welding speed is 19 mm, that of 87 mm/min is 13 mm and that of 187 mm/min is 7 mm, respectively. In FSW, the temperature of the stir zone should be increased as high as to raise the plastic metal flow to occur with ease. Heat input per unit length of the welds can be expressed by simple equation Q=V, where Q is heat generation by friction between the tool and materials and V is travel speed. Q increases with increasing tool rotation speed.
Microstructure of the welds
10) Therefore, the heat input decreases with increasing welding speed. The grain size of stir zone become larger with decreasing welding speed due to increasing heat input, which promoted the growth of the recrystallized grains. Figure 11 shows macrostructure and horizontal hardness profiles of the transverse cross section of the weld joint for conditions 131 radÁs À1 , 41 mm/min. The base metal has a very wide range of hardness, which is measured approximately from 50 to 70 Hv. The base metal is composed of solid solution and intermetallic compound. The Mg solid solution, which is softer than intermetallic compound, has a large volume fraction. If the measured hardness indenter were located near primary phase than eutectic phase, the hardness is about 50 Hv. However, in the opposite case, the hardness of the base metal shows over 70 Hv.
Mechanical properties
Therefore, the hardness of the base metal is very different as measured locations. The hardness of the stir zone is slightly increased and showing relatively uniform distribution. These kinds of tendencies are most likely to be due to the recrystallized and fine grain structure. 11) Figure 12 shows the horizontal hardness profiles near the welds with various welding speed. As the welding speed increases, the average hardness of the stir zone remarkably increases. These results are mainly caused by the grain refinement. However, at higher welding speed, the hardness of the stir zone is non-uniformly distributed by microstructural irregularity.
The effects of the average grain size on hardness in the friction stir weld can be estimated using the hardness data (Hv) and the grain size (D) of the weld. The Hall-Petch relationship relates Hv to D through the following equation
Where, H 0 and K h are appropriately constant. Figure 13 plots Hv against the reciprocal of the square root D for the stir zones of AZ91D Mg alloys. The extrapolated values for a boundary-free condition and slope of the Hall-Petch equation with various weld conditions give value of H 0 ¼ 38:6 Hv and K h ¼ 135:74 HvÁmm À1=2 , respectively. Figure 14 shows the transverse and longitudinal tensile strength with various welding conditions. The base metal has 110 MPa ultimate tensile strength from these experimental results.
The transverse tensile strength shows constant and almost the same values in comparison to that of the base metal regardless of welding speed. Since the transverse tensile specimens is composed of the stir zone and unaffected base metal. The non-uniformed distributed intermetalllic phases and shrinkage defects existed in unaffected base metal act as a preferential crack initiation. Therefore, all of the tensile specimens are fractured at unaffected base metal and shows the similar ultimate tensile strength with that of the base metal. However, the longitudinal tensile strength shows higher values than that of the base metal. The longitudinal tensile specimens only include the stir zone which has a recrystallized fine grain. Homogenous microstructure results in uniform deformation during the tensile test. This is a reason why the longitudinal tensile specimen has the higher tensile strength. The longitudinal tensile strength is slightly increases with increasing welding speed because the grain size becomes smaller as increasing welding speed. Small increase of longitudinal tensile strength compared to hardness increase with decrease grain size can be explained by the equation of Hv ¼ 3 y 12) which roughly expressed the relation between hardness and strength. And the irregularity of the recrystallized grain structure also affected the tensile strength at higher welding speed.
The longitudinal tensile strength has a range of 142 MPa and 162 MPa, which is almost 145% of joint efficient, in comparison with that of the base metal.
Conclusion
In this study, the microstructural development and mechanical properties of the friction stir welded AZ91D 4 mm thick plates have been determined. The results obtained are summarized as follows.
(1) AZ91D Mg alloy was successfully joined using friction stir welding under the optimum conditions ranges of 41 to 187 mm/min of welding speed with 115 to 131 radÁs À1 of the tool rotation speed. (2) It has been confirmed that the original base metal grain structure became completely eliminated and replaced by very fine and equiaxed grains in the stir zone. -intermetallic phase which was in the base metal was dissolved by the frictional heat input.
(3) Temperature of the weld zone could be roughly estimated to the range of 370 C to 500 C by microstructure observations and Mg-Al phase diagram. (4) The mechanical properties, such as hardness and tensile properties were improved due to the refinement of the grain structure in the stir zone.
